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Using linker scanning mutational analysis, we recently identified potential cis regulatory elements contained within the 5 upstream regulatory region (URR) domain and auxiliary enhancer (AE) region of the human papillomavirus type 31 (HPV31) URR involved in the regulation of E6/E7 promoter activity at different stages of the viral life cycle. For the present study, we extended the linker scanning mutational analysis to identify potential cis elements located in the keratinocyte enhancer (KE) region (nucleotides 7511 to 7762) of the HPV31 URR and to characterize cellular factors that bind to these elements under conditions representing different stages of the viral life cycle. The linker scanning mutational analysis identified viral cis elements located in the KE region that regulate transcription in the presence and absence of any viral gene products or viral DNA replication and determine the role of host tissue differentiation on viral transcriptional regulation. Using electrophoretic mobility shift assays, we illustrated defined reorganization in the composition of cellular transcription factors binding to the same cis regulatory elements at different stages of the HPV differentiationdependent life cycle. Our studies provide an extensive map of functional elements in the KE region of the HPV31 URR, identify cis regulatory elements that exhibit significant transcription regulatory potential, and illustrate changes in specific protein-DNA interactions at different stages of the viral life cycle. The variable recruitment of transcription factors to the same cis element under different cellular conditions may represent a mechanism underlying the tight link between keratinocyte differentiation and E6/E7 expression.
Human papillomaviruses (HPVs) are small DNA viruses that have a tropism for epithelial tissues and are capable of inducing benign and malignant lesions (28) . HPV types associated with an increased risk of cervical malignancy are known as the high-risk HPVs and include HPV types 16, 18, 31, 33 , and 45 (13, 22, 54) . The oncogenic potential of the high-risk viruses can be attributed to the E6 and E7 genes, which encode oncoproteins that interact with the cell cycle regulatory proteins p53 and retinoblastoma, respectively (25, 60) . The life cycle of HPV is tightly linked to the differentiation state of its natural host tissue, the squamous epithelium (46) . HPV transcription is regulated in a complex manner according to the differentiation state of the host (1, 52, 62) and the stage of the viral life cycle (62) . The E6/E7 promoter (known as p99 for HPV31) is regulated by cis-acting elements located in the upstream regulatory region (URR) of the viral genome (30, 34, 40, 51, 62) . The concerted interaction and dynamic balance of the regulatory activities exhibited by these cis regulatory elements give rise to a number of hallmarks of the HPV life cycle, including keratinocyte host cell specificity and a tight link between host tissue differentiation and the viral life cycle.
The URR of HPV31 can be divided into several functional domains as follows: a 5Ј URR domain, an auxiliary enhancer (AE) domain, an epithelial cell-specific keratinocyte enhancer (KE) domain, the minimal origin, and the p99 promoter from which the early transcripts originate (30) . Using linker scanning mutational analysis, we recently identified cis regulatory elements contained within a portion of the 5Ј URR and in the AE domain that control gene expression from the E6/E7 promoter at different stages of the viral life cycle (62) . For HPV31, the KE (nucleotides [nt] 7495 to 7789) is regarded as the major transcriptional regulator of E6/E7 expression (30, 40) . By sequentially replacing 18-bp sequences with a polylinker to generate 14 linker scanning mutants, we extended our linker scanning mutational analysis to systematically identify cis elements located within a major portion of the KE region (nt 7511 to 7762) that are involved in transcriptional regulation of p99 promoter activity at different stages of the viral life cycle.
The activity of the E6/E7 promoter is regulated by a complex interplay of cellular and viral factors that bind to the URR. A number of cellular transcription factors, including AP-1 family members, AP-2, CDP, C/EBP, GRE, KRF-1, Oct-1, Sp1, Sp3, TEF-1, and YY1, have been reported to contribute either positively or negatively to the regulation of HPV E6/E7 gene expression (8-10, 26, 27, 32, 33, 42, 50, 68, 77) . The viral E2 protein is a major regulator of transcriptional control and has been shown by others to primarily function as a repressor of E6 and E7 expression (12, 16, 19, 55) . Studies have shown that the transcriptional activity of the minimal functional enhancer region (nt 7511 to 7772), located within the KE region of HPV31, is regulated through a synergistic interaction of AP-1 with novel factors NF-1-like and KRF-1, and variations in the constituents of the AP-1 complex that bind to the minimal enhancer are observed for different cell types (40) . The expression profiles of several cellular transcription factors that interact with the HPV URR have the potential to change during keratinocyte differentiation (1, 2, 5, 53, 71, 76) . In view of the findings that changes in the distribution pattern of transcription factors play a role in determining the tropism of HPV (40) , the combinatorial effect of positive or negative regulators interacting with a given cis element in the HPV URR at different stages of the viral life cycle could provide an additional level of regulation of E6/E7 expression. Our mutational analysis illustrates the differences in the transcriptional utilization of specific regions of the KE region, depending on the state of the viral life cycle. We performed electrophoretic mobility shift assays (EMSAs) to investigate the binding specificity of the cis regulatory elements located in the KE region to cellular factors during different stages of the viral life cycle. Our results demonstrate changes in the constituents of cellular transcription factors that bind to the individual cis regulatory elements during the viral life cycle. epidermal keratinocytes (NHEK) were maintained as monolayer cultures without feeder cells in serum-free 154 medium supplemented with the Human Keratinocyte Growth supplement kit (Cascade Biologics Inc., Portland, Oreg.).
Transfection and luciferase assay. Transfection experiments were performed with each of the above cell lines by use of PerFect Lipids (Pfx-8) (Invitrogen, Carlsbad, Calif.) as described previously (62) . Following transfection, the cells were allowed to grow either as undifferentiated monolayer cultures or suspended in methylcellulose to differentiate. After 48 h, cell extracts were prepared with passive lysis buffer (Promega, Madison, Wis.) and luciferase activity was assayed by use of the Luciferase Assay system (Promega) according to the manufacturer's instructions. The effect of each URR linker scanning mutant was determined by comparing the luciferase activity of the mutant construct with that of the wildtype URR construct and was expressed as the fold change compared to the wild-type URR, which was set to 1.0.
Nuclear extract preparation and EMSAs. Nuclear extracts from CIN-612 9E cells were prepared as described previously (61) . Briefly, 2 ϫ 10 6 cells were suspended in 400 l of buffer A (10 mM HEPES [pH 7.9], 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol [DTT], and 0.5 mM phenylmethylsulfonyl fluoride [PMSF] ). The cells were allowed to swell on ice for 20 min, after which 25 l of IGEPAL CA-630 (Sigma, St. Louis, Mo.) was added, followed by vigorous mixing for 20 s. After centrifugation for 30 s, the pellet was recovered and resuspended in buffer B (20 mM HEPES [pH 7.9], 400 mM KCl, 1 mM EDTA, and 0.5 mM PMSF), shaken for 30 min at 4°C, and centrifuged for 5 min at 4°C. The supernatants were recovered, and the protein concentration was measured by use of the BCA protein assay kit (Pierce, Rockford, Ill.). Blunt-ended double-stranded oligonucleotides (Table 2) were labeled with [ 32 P]ATP and T4 polynucleotide kinase as previously described (15) . Competition EMSA was performed by incubating nuclear extracts (10 g) with poly(dIdC) (2 g) (Pharmacia) in the presence or absence of a 100-fold excess of unlabeled homologous or heterologous oligonucleotide for 20 min in a 20-l reaction volume containing 5% glycerol, 150 mM KCl, 0.5 mM EDTA, and 0.5 mM DTT. After incubation, 0.75 ng of 32 P-labeled oligonucleotide probe was added and the reaction was incubated at room temperature for an additional 30 min. For monitoring of cellular protein composition in gel mobility shift assays, 2 g of polyclonal antibodies directed against NF-1, Oct-1, and the Jun/Fos and C/EBP family members was added, and the reactions were further incubated at room temperature for 30 min. The DNA-protein complexes were then separated from free probe by electrophoresis on a 6% Tris-glycine-EDTA gel at 200 V and 4°C. All antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.). The following antibodies were used: C/EBP␣ (sc-61X), C/EBP␤ (sc-150X), NF-1 (sc-870X), Oct-1 (sc-21X), c-Fos (sc-52X), JunB (sc-46X), c-Jun (sc-45X), and JunD (sc-74X).
Western blot analysis. Total protein from the nuclear extract for use in Western blotting was prepared as described previously (45) , with the following modifications. Two hundred fifty microliters of nuclear extract was added to an equal volume of buffer (50 mM NaPO 4 [pH 7.2], 5 mM EDTA, 50 mM NaF, 0.5 g of leupeptin per ml, 0.5 g of pepstatin per ml, 20 g of aprotinin per ml, 0. CGC GGG CCC CAT ATG TAC TAG CAT GTT TAA AC  CGC GGG CCC TGA TCA AGT TCT GCG GTT TTT GG  C2  CGC GGG CCC CAT ATG ACT GCA TCA GCA TAG TT  CGC GGG CCC TGA TCA TTC CTG AAT ACT AGT TT  C3  CGC GGG CCC CAT ATG ACC AAA AAC CGC AGA AC  CGC GGG CCC TGA TCA TGC CAA CAT TCT GGC TT  C4  CGC GGG CCC CAT ATG AAA ACT AGT ATT CAG GA  CGC GGG CCC TGA TCA TAG TTT CCT GCC TAA CA  C5  CGC GGG CCC CAT ATG CAA GCC AGA ATG TTG GC  CGC GGG CCC TGA TCA ACC TTG CCA ACA TAT AA  C6  CGC GGG CCC CAT ATG GTG TTA GGC AGG AAA CT  CGC GGG CCC TGA TCA CCA GTC CAA CTT TGC AA  C7  CGC GGG CCC CAT ATG ATT ATA TGT TGG CAA GG  CGC GGG CCC TGA TCA TAT ACT ATG AAT CAT GT  C8  CGC GGG CCC CAT ATG ATT GCA AAG TTG GAC TG  CGC GGG CCC TGA TCA TGT TTA AAT ACA ACT GT  C9  CGC GGG CCC CAT ATG AAC ATG ATT CAT AGT AT  CGC GGG CCC TGA TCA GTT CAA CTA TGT GTC (45) . Fifteen micrograms of total protein was resolved onto an SDS-7.5% polyacrylamide gel. Proteins were transferred to a nitrocellulose membrane, and the membrane was incubated with polyclonal antibodies (1:20,000 dilution) against NF-1, C/EBP␣, C/EBP␤, c-Fos, c-Jun, JunB, JunD, and Oct-1. The same antibodies as those used in the gel shift assay were used for Western blot analysis. After being washed, blots were incubated with anti-rabbit horseradish peroxidase-linked secondary antibody (Amersham Life Science) per the manufacturer's instructions. The proteins were detected by use of a chemiluminescence reagent (Perkin-Elmer Life Science, Boston, Mass.) as previously described (45) .
RESULTS

Linker scanning mutants.
We constructed a series of linker scanning mutants to investigate the role of cis regulatory elements contained within the KE region of HPV31 URR in regulating viral early gene expression. We utilized linker substitution mutational analysis for mapping cis elements in order to maintain spatial positioning of the various cis elements involved in transcription with respect to the promoter. Consecutive 18-bp linker substitution mutations were engineered across a 252-bp stretch of the HPV31 URR (nt 7511 to 7762), corresponding to most of the KE region, as described in Materials and Methods. A map of the HPV31 URR, indicating the region that was replaced by polylinkers, is shown in Fig. 1 . For convenience in nomenclature, the entire URR has been divided into four regions, named A, B, C, and D, each of which consists of 252 bp (62) . The region of interest for this study is the C region, and the relative positions of the linker scanning mutants C1 to C14 are shown in Fig. 1A .
KE region cis sequences modulating p99 promoter activity in undifferentiated cells. cis sequences involved in viral transcriptional control have the potential to influence transcription at several levels. These include the ability to modify HPV transcription during the earliest state of the viral life cycle, which is immediately following infection, when there is minimal viral replication and viral gene product expression. Because monolayer keratinocyte cultures mimic the basal cell environment seen by the virus immediately upon infection, we first analyzed the effect of the URR mutants in monolayer culture.
In order to identify the cis regulatory sequences in the KE region that regulate the p99 promoter immediately upon infection, we carried out transfection of the wild type and mutant constructs C1 to C14 in undifferentiated monolayer cell culture. C33A, an HPV-negative cell line derived from a cervical carcinoma, has been commonly used by numerous investigators to analyze HPV transcriptional activity. Transfection with linker scanning mutants C8 and C14 decreased promoter activity by 90%, whereas transcriptional activity from the p99 promoter decreased by 70 to 80% when C33A cells were transfected with mutants C4, C7, C10, C11, and C13, suggesting that all of these regions are required for normal p99 promoter activity ( Fig. 2A) . Transfection with C3 and C12 mutants caused an approximately 50% decrease in promoter activity. On the other hand, transfection with mutant C5 resulted in an approximately 50% increase in activity compared to the wild type ( Fig. 2A) .
The CIN-612 9E cell line maintains the HPV31b genome episomally at about 50 copies per cell and is capable of virus production upon differentiation in organotypic raft culture (47) . As such, 9E cells support normal viral gene expression. Monolayer cultures of 9E cells (representing undifferentiated basal cells) were transfected with linker scanning mutants C1 to C14 to discern the effect of viral cis elements on transcriptional regulation in the presence of viral gene products. As seen with C33A cells, mutants C3, C7, C8, C10, C12, C13, and C14 resulted in a significant decrease in activity following transfection into 9E cells ( Fig. 2A) . However, unlike C33A, p99 promoter activity was not enhanced upon transfection of 9E cells with mutant C5. In contrast to what was seen with C33A cells, in which transfection with mutant C2 had no effect on transcriptional activity compared to the wild-type construct, an approximately 70% decrease in promoter activity was observed when 9E cells were transfected with the same mutant. On the other hand, while transfection of 9E cells with mutant C4 had no effect on promoter activity, a 70% decrease in activity was observed when C33A cells were transfected with this mutant. Therefore, regulation of p99 promoter activity by cis elements located in the region replaced by mutants C2 and C4 is cell type specific and may be affected by the presence of viral gene products.
Analysis of transcriptional regulation by viral cis elements was also performed in NHEK, as they represent the initial target for HPV infection. A generalized repression in promoter activity was observed upon transfection of NHEK with mutants C1 through C14. We have previously observed a similar repression of p99 activity upon transfection of NHEK with mutants B1 to B14 (nt 7259 to 7510) (62) . Transfection of NHEK with mutants C8, C10, C13, and C14 resulted in an about 90% decrease in activity relative to the wild-type construct. While transfection of NHEK with mutants C2, C3, C6, C7, C9, and C12 decreased transcriptional activity by 70 to 80%, mutants C1, C4, and C11 reduced activity by about 50 to 60% ( Fig. 2A) . The reduction in promoter activity observed suggests that we have mutated cis elements with a positive role in the regulation of early gene expression in the early stages of infection. It appears that more of the wild-type sequence is necessary for transcriptional regulation of p99 activity in NHEK than in 9E or C33A cells. The differences observed for p99 promoter activity with the linker scanning mutants in the three different cell types suggest that a difference in cell type and/or the presence of viral DNA and gene products influences the regulation of p99 promoter activity by the cis elements. Transfection experiments were repeated three to five times and demonstrated highly reproducible results. KE region cis elements affecting p99 promoter activity upon differentiation. Having identified KE region cis elements important for viral transcriptional control during the initial stages of the viral life cycle, as modeled by monolayer culture, we next wanted to investigate the effect of these same viral KE cis elements on transcriptional control in differentiating host cells, which is where the late stages of the viral life cycle occur. Because suspension in methylcellulose is a simplified system for the induction of keratinocyte differentiation (24, 59), we utilized this system to discern the effect of host tissue differentiation on viral transcriptional control. Differentiation studies were first done with HPV31b-positive 9E cells to investigate the influence of viral gene products and viral replication on differentiation-dependent transcriptional activity. The ability of 9E cells to differentiate in methylcellulose has been well established (24, 59, 62) . Transfection of 9E cells with mutants C2, C3, C7, C8, C10, and C14 resulted in an about 90% reduction in activity upon differentiation compared to the wild type, while transfection with mutants C1, C6, C9, C11, C12, and C13 decreased transcriptional activity by 60 to 80% upon differentiation (Fig. 2B) . However, transfection of 9E cells with mutants C4 and C5, with subsequent differentiation in methylcellulose, resulted in no significant change in promoter activity relative to the wild type (Fig. 2B) .
To identify the specific effects that host tissue differentiation has on viral transcriptional regulation in 9E cells, we compared the results to those from the monolayer experiments (Table 3) . The wild-type sequences replaced by mutants C8 and C10 act as strong constitutive positive regulators of E6/E7 expression, as transfection of 9E cells with these mutants decreases p99 activity by 90% or more under both undifferentiated and differentiated conditions. Though no marked difference in pro- Transcriptional regulation of p99 promoter activity by cis regulatory elements located within a 252-bp region (nt 7511 to 7762) of the HPV31 URR in monolayer cell cultures. C33A (stripes), CIN-612 9E (solid), and NHEK (dots) cells were transfected with 1 g of either the wild type or a C1 to C14 mutant URR luciferase reporter construct. For each linker scanning mutant, C1 to C14, the luciferase activity was expressed as the fold change over that of the wild-type construct, which was set to 1.00. The solid line represents 100% of the wild-type activity. The dotted line represents 50% of the wild-type activity. Individual transfection experiments were done in duplicate and values are expressed as the means and standard deviations from at least three individual experiments. (B) Effect of host tissue differentiation on p99 transcriptional control by cis regulatory elements located within the URR. CIN-612 9E (solid) and NHEK (dots) cells were transfected as described in Materials and Methods. After transfection they were suspended in methylcellulose for 48 h and cell lysates were subsequently assayed for luciferase activity. The fold change in activity for each mutant construct over that of the wild-type URR was determined as described for panel A. The solid line represents 100% of the wild-type activity. The dotted line represents 50% of the wild-type activity. Results are expressed as the means and standard deviations from at least four individual experiments. moter activity was observed between undifferentiated and differentiated systems when 9E cells were transfected with most of the mutants, a significant decrease in promoter activity relative to monolayer culture was observed when 9E cells transfected with mutants C7, C9, and C11 were allowed to differentiate. These studies indicate that specific cis elements may make different contributions to transcriptional activity in an undifferentiated host cell environment versus a differentiated one.
NHEK were also transfected with the wild type and the linker scanning mutant constructs and were allowed to differentiate in methylcellulose (1, 59, 62) . While transfection with C2, C8, C10, C13, and C14 caused a severe reduction (80 to 90%) in promoter activity compared to that of the wild-type construct upon differentiation, transfection of NHEK with mutants C3, C4, C6, C7, C9, and C12 resulted in a 60 to 70% reduction in promoter activity (Fig. 2B) . The role of host tissue differentiation on viral transcriptional regulation was again evaluated by comparing data for NHEK under undifferentiated and differentiated host cell conditions (Table 3) . Transfection with mutants C5 and C11 had no effect on the transcriptional regulation of p99 under both undifferentiated and differentiated host cell conditions. With the exception of mutants C1, C5, and C11, transfection of NHEK with all mutants resulted in a decrease in p99 activity of 60 to Ͼ90% upon differentiation. In contrast to what was seen with 9E cells, no specific cis regulatory region was differentially affected by differentiation of NHEK. All transfection experiments were repeated four to five times and the results were reproducible.
A comparison of results obtained with 9E cells and NHEK provides insight into whether the presence of endogenous viral gene products and viral DNA replication influence the transcriptional regulation by cis elements in a differentiating system. Although the promoter activities seen upon transfection of 9E cells and NHEK with mutants C2, C8, C10, and C14 were similar, an increase of activity was observed in NHEK compared to 9E cells upon transfection with mutants C1 and C9 (ϳ2-fold), mutant C7 (ϳ3-fold), and mutants C3 and C11 (ϳ4-fold). On the other hand, a 60 or 80% decrease in p99 activity was observed in NHEK compared to 9E cells when they were transfected with mutants C4 and C13, respectively. Together, these data suggest a role for viral gene products and/or viral DNA replication on transcription during the late stages of the viral life cycle.
Cellular proteins interacting with identified cis elements within the HPV31 KE region. Our search of the TRANSFAC database (75) has shown that the region of C1 to C14 (nt 7511 to 7762) contains numerous putative binding sites for several cellular transcription factors. Table 3 lists putative regulatory sites in the wild-type sequence that are replaced by linker scanning mutants C1 to C14. There is the potential that cis responsive elements are recognized not by a single factor, but rather by a set of abutting or overlapping related or unrelated factors acting positively or negatively on transcription (41) . Therefore, we attempted to identify transcription factors that bind to the cis elements identified in the KE region under cellular conditions that represent different stages of the viral life cycle. To dissect the interplay of individual cis elements with cellular factors, in both the basal and differentiating cellular environments, we performed EMSAs using undifferentiated and differentiated 9E nuclear extracts and several DNA probes with nucleotide sequences corresponding to the wildtype sequence spanning the region of C1 to C14.
(i) C1 and C2. TRANSFAC analysis predicted C/EBP and AP-1 binding sites in the C1 region. The gel shift assay revealed the formation of potential protein-DNA complexes that were not competed by either cold homologous competitor or with AP-1 or C/EBP consensus oligonucleotides (data not shown). To determine whether the region C2 binds ICSBP, as predicted by the sequence search, an EMSA was again performed. A complex, C2 I, was observed with both undifferentiated and differentiated 9E nuclear extracts which was not competed by a 100-fold excess of either the cold homologous competitor or ISCBP consensus oligonucleotide (Fig. 3) .
(ii) C3/C4. The region C3/C4 contains overlapping putative binding sites for NF-1, HNF-1, and C/EBP. When the binding of cellular factors to the C3/C4 region was examined by EMSA using a C3/C4 probe and undifferentiated 9E nuclear extract, two specific complexes, uC3/C4 I and uC3/C4 II, were observed. These complexes were competed by a 100-fold excess of unlabeled C3/C4 and C/EBP consensus oligonucleotides, but not by NF-1 and HNF-1 consensus oligonucleotides (Fig.  4A ). Previous studies using HeLa nuclear extracts have shown that NF-1 does not bind to this region and that a novel factor binds to this region that is distinct from NF-1 (40). Our studies using undifferentiated 9E nuclear extracts showed only C/EBP binding to this region. C/EBP belongs to the bZIP family of transcription factors (69) and is composed of several distinct members (C/EBP␣, C/EBP␤, C/EBP␦, C/EBPε, and CHOP) (56, 72) . In order to determine the expression profile of C/EBP family members in undifferentiated 9E nuclear extracts, we performed Western blot analysis. While three isoforms of C/EBP␤ (C/EBP␤ I, II, and III) were detected in undifferentiated 9E nuclear extracts by Western blot analysis, C/EBP␣ was absent (Fig. 5) . It is known that three different translation initiation sites lead to the generation of three C/EBP␤ isoforms, namely full-length C/EBP␤ I, C/EBP␤ II (or liver-enriched transcriptional activator protein [LAP]), and C/EBP␤ III (or liver-enriched inhibitory protein [LIP]) (21, 66) . For confirmation of the ability of C/EBP to bind C3/C4 in 9E monolayer extracts, EMSA was performed with antibodies specific for C/EBP␣ and C/EBP␤.
The formation of complexes uC3/C4 I and uC3/C4 II was inhibited by antibody against C/EBP␤ but was unaffected by antibody against C/EBP␣ (Fig. 4B) . These assays confirm that C3/C4 binds to C/EBP␤ in undifferentiated 9E cells.
For identification of cellular factors that bind to C3/C4 in differentiated 9E nuclear extracts, competition EMSA was performed, with a 100-fold excess of unlabeled homologous NF-1, HNF-1, and C/EBP consensus oligonucleotides as specific competitors. With differentiated 9E nuclear extracts, three complexes, dC3/C4 I, dC3/C4 II, and dC3/C4 III, were observed. All three complexes were competed by cold homologous competitor. The complex dC3/C4 II was competed by an unlabeled NF-1 consensus oligonucleotide, but not by C/EBP and HNF-1 consensus oligonucleotides (Fig. 4A) . Since the complexes dC3/C4 I and dC3/C4 III were not competed by NF-1, HNF-1, or C/EBP consensus oligonucleotide, it is possible that some other factor or factors binds to C3/C4, giving rise to complexes dC3/C4 I and dC3/C4 III. Western blot analysis performed to determine the expression level of NF-1 in undifferentiated and differentiated 9E nuclear extracts indicated that NF-1 is not detectable in undifferentiated 9E cultures but is highly expressed upon differentiation (Fig. 5) . It is plausible that the increase in NF-1 level following differentiation could have resulted in the formation of complex dC3/C4 II. However, the complex dC3/C4 II was neither eliminated nor supershifted in the presence of antibody against NF-1 (data not shown), suggesting that dC3/C4 II is bound by an NF-1-like factor that recognizes the NF-1 consensus sequence in a differentiated environment, but is distinct from NF-1. It is possible that other factors binding to the region C3/C4 could have hindered the accessibility of NF-1 antibody to C3/C4.
Since C/EBP family members are expressed in a differentiation-dependent manner in the epidermis (43) , it is possible that an altered expression pattern of C/EBP following differentiation could have accounted for the inability of C/EBP to bind C3/C4. While C/EBP␣ was not detectable in the differentiated 9E nuclear extract, Western blot analysis revealed a decrease in the expression level of C/EBP␤ isoforms I, II, and III upon differentiation (Fig. 5) . Therefore, the inability of C3/C4 to bind C/EBP␤ in differentiated 9E cells could be due to changes in the levels of the C/EBP␤ isoforms that decreased the overall availability for binding C3/C4. It is known that the abundance of C/EBP␤ isoforms is dependent on the cell differentiation state and that changes in the ratio of different isoforms determine the ability of C/EBP␤ to regulate transcription (21) . Studies have also shown that full-length C/EBP␤ and LAP act as activators and that LIP acts as a repressor on the HPV16 long control region (LCR) (66) . Based on competition gel shift assay results, we conclude that some unidentified factor(s), in addition to the NF-1-like factor, binds to the C3/C4 region in differentiated 9E cells, resulting in the formation of complexes dC3/C4 I and dC3/C4 III. It is possible that this unknown factor could have prevented C/EBP␤ from binding to the C3/C4 region under differentiated cellular conditions.
(iii) C5/C6 and C7. TRANSFAC analysis predicted a weak putative C/EBP binding site (having Ͻ50% homology with the C/EBP consensus sequence) overlapping regions C5 and C6. When labeled C5/C6 oligonucleotide was incubated with un- differentiated and differentiated 9E nuclear extracts, several potential DNA-protein complexes were observed. None of these complexes were competed by cold C5/C6 or C/EBP consensus oligonucleotides, indicating the nonspecific nature of the interaction (Fig. 6) . No putative transcription factor binding sites were predicted for the C7 region by the sequence search. Nonetheless, competition EMSA was performed, with the consensus binding sequence for several transcription factors as competitors, with both undifferentiated and differentiated 9E nuclear extracts. Very faint, almost undetectable bands were observed under both conditions which were not competed by unlabeled C7 oligonucleotide (data not shown). These gel shift assays indicate that the region of C5 through C7 does not bind any cellular transcription factor with specificity.
(iv) C8/C9. The TRANSFAC analysis predicted that the C8 region contains an AP-1 site that abuts the C9 region and that the C8/C9 region contains an overlapping C/EBP binding site. To investigate whether this region binds AP-1, C/EBP, or both, we performed competition assays using labeled C8/C9 as probe. With an undifferentiated 9E nuclear extract, three specific DNA protein complexes, uC8/C9 I, uC8/C9 II, and uC8/C9 III, were observed (Fig. 7A) . The complexes uC8/C9 I, II, and III were competed by a 100-fold excess of cold C8/C9 and AP-1 consensus oligonucleotides (Fig. 7A) . Because the competition of complexes uC8/C9 I, II, and III in the presence of cold C/EBP consensus oligonucleotide was not strong, EMSAs were performed in the presence of antibodies against C/EBP␣ and C/EBP␤ to investigate whether C8/C9 binds C/EBP in extracts from undifferentiated 9E cells. The forma- tion of complexes uC8/C9 I, uC8/C9 II, and uC8/C9 III was inhibited by antibody against C/EBP␤, but was unaffected by antibody against C/EBP␣ (Fig. 7B ). These assays indicate that AP-1 and C/EBP␤ bind to the C8/C9 site in undifferentiated 9E cells. Previous studies have also shown that part of the C8/C9 region (designated FPIII, spanning nt 7640 to 7656) binds AP-1 (40) . To investigate whether the binding pattern changes with host tissue differentiation, competition EMSA was performed using a differentiated 9E nuclear extract and C8/C9 as the probe. For the differentiated environment, we consistently observed the formation of four distinct complexes, dC8/C9 I, dC8/C9 II, dC8/C9 III, and dC8/C9 IV (Fig. 7A ). Besides these distinct complexes, we occasionally observed the formation of several other less distinct complexes, dC8/C9 V, dC8/C9 VI, and dC8/C9 VII. All of these complexes were abolished by the addition of cold homologous competitor and AP-1 consensus oligonucleotide (Fig. 7A) . When cold C/EBP consensus oligonucleotide was used as a competitor, the complexes dC8/C9 I and dC8/C9 II migrated as two separate bands and none of the other complexes were abolished (Fig. 7A) . This result suggests that besides AP-1, C/EBP may be a part of the complex that binds to C8/C9 in differentiated 9E nuclear extracts. When EMSA was performed using antibodies against C/EBP␣ and C/EBP␤, the complex dC8/C9 I was abolished by the addition of C/EBP␤ antibody, indicating that C/EBP␤ binds to the C8/C9 region under differentiated conditions (Fig. 7B) . C/EBP␤ not only forms dimers with other C/EBP family members (69) and their truncated isoforms (20) , but it is also known to complex with AP-1 family members (29) . Whether C/EBP␤ binds to C8/C9 as a homodimer, a heterodimer with AP-1 family members, or both remains unclear.
The AP-1 transcription factors are composed of Jun family members (c-Jun, JunB, and JunD) that can form either homoor heterodimers among themselves. Jun proteins also dimerize with Fos family members (c-Fos, FosB, Fra1, and Fra2) (3, 35) . Additionally, Jun and Fos proteins can also dimerize efficiently with other bZIP proteins (17) , and the various potential AP-1 dimers differ in their DNA binding affinities and specificities (7) . In order to determine the composition of the AP-1 complex that binds C8/C9 under different cellular conditions, we performed EMSAs in the presence of antibodies against c-Fos, JunB, c-Jun, and JunD. While the addition of c-Fos and JunD antibodies abolished the formation of complexes uC8/C9 II and uC8/C9 III, no such disruption of complex formation was observed in the presence of JunB and c-Jun antibodies (Fig.  7C) . We conclude that the c-Fos/JunD heterodimer binds to C8/C9 in undifferentiated 9E nuclear extracts. Using HeLa cell extracts, others have observed that this region binds c-Fos and JunD, whereas JunD was observed to be the primary constituent binding to this region in a 9E cell monolayer (40) . Moreover, the components of the AP-1 family members that bind to this site vary with the cell line examined (40) . When EMSA was performed using differentiated 9E nuclear extract, the complexes dC8/C9 I, dC8/C9 III, and dC8/C9 IV were abolished by the addition of JunB and JunD antibodies, while the addition of antibodies against c-Fos and c-Jun had no effect on the formation of the complexes (Fig. 7C) . Therefore, the JunB/ JunD heterodimer seems to have replaced the c-Fos/JunD heterodimer in differentiated 9E cells as the predominant AP-1 component that binds to the C8/C9 region. The addition FIG. 7 . EMSA confirming specific binding of C/EBP and AP-1 to the C8/C9 region. Undifferentiated and differentiated 9E nuclear extracts were incubated with 32 P-labeled C8/C9 in the presence or absence of a 100-fold excess of competitors (A), as indicated, with antibodies against C/EBP␣ and C/EBP␤ (B), or with specific antibodies directed against AP-1 family members c-Fos, JunB, c-Jun, and JunD (C). Specific DNA protein complexes and nonspecific (NS) complexes are indicated.
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on February 23, 2013 by PENN STATE UNIV http://jvi.asm.org/ of JunD antibody resulted in either a clear elimination of the complexes dC8/C9 I, dC8/C9 III, and dC8/C9 IV (Fig. 7C) or, sometimes, a faint supershift (data not shown). The faint supershift presumably reflects heterodimerization products of JunD with other members of the Jun family, possibly JunB. These experiments suggest that JunB and JunD are the predominant AP-1 components binding to the C8/C9 region in differentiated 9E cells. Quantitative differences in the elimination of in vitro DNA-protein bound complexes could be due to a number of factors, including the affinities and stabilities of different types of complexes involving interactions with antibodies and the protein or the interactions of the proteins with the DNA probe, as reported previously (68). Our results demonstrate that different members of the AP-1 family of transcription factors binds to C8/C9 during different stages of the viral life cycle, and the differences between the undifferentiated and differentiated conditions are reproducible. However, C/EBP␤ binds to C8/C9 under both undifferentiated and differentiated conditions. Since C/EBP␤ is known to form homodimers and heterodimers with bZIP family members (69), it is possible that formation of different heterodimers between AP-1 family members and C/EBP␤ could increase the repertoire of transcription factors that bind to C8/C9. It is conceivable that the DNA binding specificities of different C/EBP␤-AP-1 heterodimers will be different from that of a C/EBP␤ homodimer, a JunB homodimer, a JunB/JunD heterodimer, or a Fos/Jun heterodimer. Therefore, the multiple protein-DNA complexes that are formed on C8/C9 could be the culmination of different bZIP homo-and heterodimers binding to the same region.
To determine whether decreased expression of c-Fos in differentiated cells could have accounted for the absence of c-Fos within the AP-1 complex, we performed Western blot analysis to measure the expression level of AP-1 family members under different cellular conditions (Fig. 5) . It was interesting that upon differentiation, c-Fos expression not only did not decrease, but it increased slightly (Fig. 5 ). Most notably, the level of JunB was strongly elevated upon differentiation (Fig. 5) . This suggests that the absence of c-Fos in the AP-1 complex that binds to C8/C9 in differentiated 9E nuclear extracts cannot be attributed to a decrease in its expression, but rather to the elevation of the JunB level. This increase in the level of JunB could result in the alteration of dimerization partners that bind to C8/C9 under differentiated conditions. Western blot analysis also revealed comparable levels of JunD expression in undifferentiated and differentiated 9E cells (Fig. 5) .
(v) C10/C11. Computer-assisted sequence analysis predicted AP-1, GATA-1, Oct-1, SRF, and TBP binding sites in the C10/C11 region. When the ability of the C10/C11 region to bind cellular factors was examined by EMSA using a corresponding C10/C11 probe and undifferentiated 9E nuclear extract, four specific complexes, designated uC10/C11 I, uC10/ C11 II, uC10/C11 III, and uC10/C11 IV, were formed (Fig.  8A) . The complexes uC10/C11 II and uC10/C11 III were competed by a 100-fold excess of unlabeled C10/C11, AP-1, and Oct-1 consensus oligonucleotides, but not GATA, SRF, and TBP consensus oligonucleotides. The intensity of complex uC10/C11 I increased following the addition of Oct-1 and SRF consensus oligonucleotides (Fig. 8A) .
To dissect the individual components of the AP-1 complex, we performed EMSA, using specific antibodies against different members of the Jun/Fos family. The elimination of complexes uC10/C11 II, uC10/C11 III, and uC10/C11 IV was observed in the presence of c-Fos, c-Jun, and JunD antibodies and was also accompanied in each case by the appearance of another complex, uC10/C11 V (Fig. 8B ). This suggests that c-Fos, c-Jun, and JunD are all involved in the formation of the AP-1 complex in undifferentiated 9E cells and that depletion of any of these three proteins by a specific antibody could alter the heterodimerization pattern of the other two partners, either between themselves or between other bZIP family members, thus giving rise to a new DNA-protein complex (uC10/ C11 V). However, the presence of JunB antibody had no effect on the formation of the complexes (Fig. 8B) . The complexes uC10/C11 II, uC10/C11 III, and uC10/C11 IV were also abolished in the presence of antibody against Oct-1. As seen for EMSA using antibodies against c-Fos, c-Jun, and JunD, the disappearance of complexes uC10/C11 II, uC10/C11 III, and uC10/C11 IV in the presence of Oct-1 antibody was also accompanied by the appearance of another band, for complex uC10/C11 V (Fig. 8B) . We conclude from these experiments that AP-1 (c-Fos, c-Jun, and JunD heterodimers) and Oct-1 bind to C10/C11 either alone or in combination. Kyo et al. have also reported simultaneous binding of JunD/c-Fos heterodimer and Oct-1 to the C10/C11 region (nt 7678 to 7700) in HeLa cell extracts (40) .
To identify cellular factors that bind the C10/C11 region in differentiated 9E cells, we performed competition EMSA, using C10/C11 as the probe. With differentiated 9E nuclear extract, four complexes, dC10/C11 I, dC10/C11 II, dC10/C11 III, and dC10/C11 IV, were observed (Fig. 8A ). An additional band, dC10/C11 V, appears following competition. The addition of unlabeled C10/C11, AP-1, and GATA consensus oligonucleotides abolished complexes dC10/C11 II, dC10/C11 III, and dC10/C11 IV. While the intensity of complexes dC10/C11 II, dC10/C11 III, and dC10/C11 IV was reduced and slightly shifted by the addition of cold Oct-1 consensus oligonucleotide, the addition of SRF and TBP consensus oligonucleotides had no effect on the formation of these complexes. The intensity of complex dC10/C11 I was reduced in the presence of unlabeled self, AP-1, Oct-1, and GATA consensus oligonucleotides (Fig. 8A ). This result indicates that besides AP-1 and GATA, Oct-1 may form a part of the complex that binds to the C10/C11 region in differentiated 9E nuclear extracts.
A gel shift assay using antibodies against Jun/Fos members of the AP-1 family was carried out to detect any variation in the components of the AP-1 complex that binds to C10/C11 upon differentiation. While the complex dC10/C11 I was clearly abolished by the JunB antibody, the complex was slightly inhibited by the JunD antibody (Fig. 8B) . On the other hand, the addition of c-Fos and c-Jun antibodies not only failed to abolish the complex dC10/C11 I, but on the contrary increased the formation of the complex significantly (Fig. 8B) . This indicates that c-Fos and c-Jun might prevent other AP-1 components (in this case, JunB and JunD) from binding to C10/C11. The addition of JunB antibody abolished the formation of complex dC10/C11 I (Fig. 8B) . While competition gel shift assays demonstrated that the addition of cold AP-1 consensus oligonucleotide inhibits the formation of complexes dC10/C11 II, III, and IV and diminishes the intensity of complex dC10/C11 I (Fig. FIG. 8 . Specific binding of cellular factors to the C10/C11 region, as demonstrated by electrophoretic mobility shift analysis. The C10/C11 probe was incubated with undifferentiated and differentiated 9E nuclear extracts in the presence or absence of a 100-fold excess of competitors (A), as indicated, or with specific antibodies directed against AP-1 family members c-Fos, JunB, c-Jun, and JunD as well as Oct-1 (B). Specific DNA protein complexes and nonspecific (NS) complexes are indicated.
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on February 23, 2013 by PENN STATE UNIV http://jvi.asm.org/ 8A), EMSA performed with antibodies against JunB greatly diminished the complex dC10/C11 I and had no significant effect on the formation of complexes dC10/C11 II, III, and IV (Fig. 8B ). These differences in the elimination of different DNA-protein complexes could be due to varying stabilities of different types of complexes involving interactions with antibodies and the protein as well as interactions between proteins and the DNA probe, as suggested previously. EMSA using Oct-1 antibody demonstrated either a slight increase in the intensity of complexes dC10/C11 II and dC10/C11 III (Fig. 8B) or had no effect on the formation of the complexes (data not shown). Because Oct-1 possesses an intrinsic ability to form protein-protein contacts (65), it is possible that Oct-1 functions as a transcriptional modulator by tethering transcriptional regulators AP-1 and GATA to region C10/C11 without directly interacting with the DNA under differentiated cellular conditions. Nonetheless, it is evident that C10/C11 binds AP-1 and that the heterodimerization pattern of AP-1 family members that bind to the C10/C11 region changes upon differentiation.
In contrast to what is seen with undifferentiated 9E cells, JunB was found to be the predominant AP-1 component that binds C10/C11 in differentiating 9E cells, either as a homodimer or a JunB/JunD heterodimer. Therefore, differentiation of 9E cells changes the AP-1 components that bind to C10/C11 from cFos, c-Jun, and JunD heterodimers to predominantly JunB/ JunD heterodimers. Western blot analysis revealed that while the levels of c-Fos increase slightly, c-Jun and JunD expression remains unchanged following differentiation (Fig. 5) . Therefore, levels of c-Fos and c-Jun cannot account for the underrepresentation of c-Fos and c-Jun within the AP-1 complexes in differentiated 9E cells. The highly elevated level of JunB in differentiated 9E cells could have resulted in the change in dimerization partners.
(vi) C12 and C13/C14. TRANSFAC analysis did not predict any putative binding site in region C12. When EMSA was performed, using undifferentiated and differentiated 9E nuclear extracts and C12 as the probe, no observable DNAprotein complexes were formed (data not shown). TRANSFAC analysis predicted a putative Oct-1 binding site in the C13 region and a GATA-1 binding site overlapping regions C13 and C14. Gel shift analysis with an undifferentiated nuclear extract and C13/C14 probe indicated the formation of the complex uC13/C14 I, which was competed by a 100-fold excess of unlabeled C13/C14 and Oct-1 consensus oligonucleotides, but not a GATA consensus oligonucleotide (Fig. 9) . This suggests that region C13/C14 binds to Oct-1 in undifferentiated 9E nuclear extracts. However, EMSA using a differentiated 9E nuclear extract revealed the formation of a complex, dC13/C14 I, that was abolished by the addition of unlabeled homologous competitor, but not by GATA or Oct-1 (Fig. 9) . Western blot analysis revealed a slight decrease in the Oct-1 level in 9E cells upon differentiation (Fig. 5) . The lack of binding by C13/C14 to Oct-1 in differentiated 9E cells could be attributed either to this decrease in Oct-1 level or to competition with another Oct-1-like factor for binding to the same site.
DISCUSSION
The transcriptional activity of the HPV E6/E7 promoter is modulated by cis elements contained in the viral URR. Several cellular factors, including AP-1 family members, AP-2, C/EBP, CDP, GRE, KRF-1, NF1, Oct-1, Sp1, Sp3, TEF-1, and YY1, have been proposed to bind to the URR of various HPV types and to participate in the transcriptional regulation of E6/E7 (8-10, 26, 27, 32, 33, 42, 50, 68, 77) . Modulation of promoter activity by these factors depends on the cell type (9, 18, 32) , the state of differentiation (1, 21, 52) , and viral feedback loops (67) . However, many questions regarding the cellular control mechanisms involved in the regulation of E6/E7 promoter activity by cis elements during different stages of the viral life cycle are still unanswered. It is known that the activity of an individual regulatory element can strongly depend on the overall composition of a transcriptional control region, such as potentially cooperating cis motifs, but what role is played by individual cis elements in the cooperative generation of transcriptional regulatory activity exerted by the entire viral URR? Does the transcriptional regulatory activity of each individual cis element become altered with the differentiation-dependent life cycle of the virus? How do host cellular transcription factors and viral factors modulate potential cis regulatory circuits during different stages of the viral life cycle in trans? We have sought answers to these questions by generating linker scanning mutants across the URR. Using this strategy, we have previously identified cis regulatory elements contained within a portion of the 5Ј URR domain and the AE region of the HPV31 URR that are involved in the regulation of p99 promoter activity at different stages of the viral life cycle (62) . In HPV31, the KE is regarded as the major transcriptional activator of viral gene expression (40) . Therefore, for the present study we extended our linker scanning mutational analysis to the KE (nt 7511 to 7762) region.
Undifferentiated keratinocyte culture, which mimics the basal cell environment seen by the virus immediately following infection, was used to analyze the transcriptional regulation of p99 promoter during the initial state of the viral life cycle. A 70 to 90% decrease in promoter activity was observed when these cell lines were transfected with mutants C7, C8, C10, C13, and C14. These observations suggest that the cis elements contained within the region are strongly involved in the positive regulation of HPV31 p99 activity, irrespective of cell type. While transfection of 9E and C33A cells with mutant C9 had no effect on p99 promoter activity, a 70% decrease in activity was observed in NHEK upon transfection with this mutant. This indicates that the region replaced by mutant C9 acts as a positive regulator of transcription only in NHEK. A 50% increase in promoter activity was observed upon infection of C33A cells with mutant C5, whereas transfection of 9E cells and NHEK with this mutant had no effect on p99 promoter activity. On the other hand, a 60 to 70% decrease in promoter activity was observed in C33A and 9E cells upon transfection with mutant C11, while the decrease was less severe in NHEK.
The HPV life cycle is closely associated with the differentiation program of its host tissue, the squamous epithelium. Transfection of 9E cells with mutants C1 to C3 and mutants C6 to C14 repressed p99 activity by 70 to 95% compared to the wild-type construct, indicating that the cis elements that are affected by these mutants are involved in positive transcriptional regulation in differentiating 9E cells. The difference in promoter activity observed between undifferentiated and differentiated 9E cells upon transfection with mutant C9 suggests that the cis element replaced by this mutant is regulated by host tissue differentiation. A general trend towards a significant reduction in promoter activity was observed for most of the mutants in differentiating NHEK. Though no marked difference in promoter activity was observed between the differentiated and undifferentiated systems when NHEK were transfected with mutants C2, C3, C4, and C6 through C14, transfection with mutant C5 resulted in an increase in promoter activity to the level of the wild type upon differentiation.
Depending on the state of differentiation of the host cell, some cellular factors can act as either inducers or repressors of E6/E7 promoter activity (1, 5, 49, 52) . TRANSFAC analysis has shown that the KE region of the URR contains numerous abutting and overlapping putative binding sites for several cellular transcription factors. We investigated the interplay between transcription factors and the cis regulatory elements in the KE region under cellular conditions that represent different stages of the viral life cycle. Regions C1 (nt 7511 to 7528) and C2 (nt 7529 to 7546) did not bind any of the transcription factors predicted by the TRANSFAC search. While the TRANSFAC search predicted C/EBP and NF-1 sites in the C3/C4 region, it was intriguing to observe that C/EBP␤ binds to this region only in undifferentiated 9E cells, while NF-1-like factor binds to C3/C4 (nt 7547 to 7582) only upon differentiation. This altered DNA-protein interaction could be attributed either to the presence of other unidentified factors, including the NF-1-like factor, that could have prevented C/EBP␤ from binding to the C3/C4 region or to the altered levels of different C/EBP␤ isoforms that dictated binding of C/EBP␤ to the C3/C4 region under undifferentiated cellular conditions. Previous gel mobility shift assays performed with the C3/C4 region (designated FPI) and using HeLa nuclear extracts suggested that NF-1 itself does not bind to this region and that a novel NF-1-like factor that is distinct from NF-1 binds to this region (40) . In HPV16, the enhancer activity is dependent on the presence of specific subsets of NF-1 proteins that differ both in their expression and heterodimerization pattern in different cell types (4).
Though we did not detect any specific binding of cellular factors to regions C5/C6 (nt 7583 to 7618) and C7 (nt 7619 to 7636), previous gel shift assays using this site (designated FPII) and HeLa extracts demonstrated shifted bands that diminished only in the presence of homologous competitor (40) . Our transfection studies demonstrated that C5/C6 has no effect on the transcriptional regulation of E6/E7, whereas C7 acts as a strong positive regulator of p99 activity in both undifferentiated and differentiated 9E cells, although we were not able to detect binding to these regions by the cellular factors tested. It is possible that the activity of these cis regulatory elements strongly depends on the overall composition of a transcriptional control region, such as potentially cooperating cis motifs or tertiary structures.
Gel mobility shift assays demonstrated that C/EBP␤ and the c-Fos/JunD heterodimer bind to the C8/C9 (nt 7637 to 7672) region in undifferentiated 9E cells. Kyo et al. showed that AP-1 binds to this area (nt 7640 to 7656) and that the enhancer activity of the HPV31b KE region is strongly dependent on a synergistic interaction of AP-1 with NF-1-like and KRF-1-like novel factors (40) . Previous studies have shown that C/EBP␤ binds to the HPV16 LCR (nt 7454 to 7766) and functions as a negative regulator of early gene expression by competing with AP-1 and NF-1 (38) . Since C/EBP␤ is known to complex with Jun and Fos (29) , it remains unclear whether C/EBP␤ binds to the C8/C9 region as a homodimer or a heterodimer with AP-1.
All of the known AP-1 factors are expressed in the epidermis and each is expressed in a specific spatial pattern that suggests its potential to regulate multiple genes (73) . Moreover, in the epidermis the selectivity of genes regulated by AP-1 is determined by distinct AP-1 complexes and by interactions with other transcriptional regulators and/or distal regulatory elements. Therefore, simultaneous expression of multiple members of the AP-1 family provides numerous opportunities for complex regulation. AP-1 is regarded as the major determinant of HPV31b enhancer specificity (40) , and E6/E7 expression in differentiating epithelia is regulated by AP-1 (39) . The dimerization pattern of the AP-1 complex that binds to C8/C9 changes from c-Fos/JunD heterodimers in undifferentiated 9E cells to JunB/JunD heterodimers in differentiated 9E cells. By monitoring the corresponding protein expression level, we found the JunB level to be elevated significantly following differentiation. Previous studies on the expression of AP-1 in differentiating epithelia suggested that JunB expression is restricted to differentiating cells (74) . Numerous reports have suggested essential and opposite roles for Jun proteins in cell cycle progression, with JunB and JunD monomers having a negative antiproliferative role while c-Jun is the positive counterpart (6, 44, 63) . Although the level of c-Fos is also upregulated following differentiation, the increase in c-Fos expression does not occur to the same extent as that for JunB. Since (7) . A significant decrease in E6/E7 promoter activity was observed when 9E cells transfected with mutant C9 were allowed to differentiate. Suppression of E6/E7 expression as a consequence of antioxidant-induced alteration in the heterodimerization pattern of the AP-1 complex has been documented previously (57) . Alteration in the heterodimerization pattern of AP-1 and its selective accessibility to opened chromatin structures were shown to represent a novel pathway in the regulation of chemokines in malignant and nonmalignant HPV-positive cells (23) . It is possible that a differentiationinduced increase in the level of JunB expression followed by a subsequent alteration in the AP-1 heterodimer component that binds the C8/C9 region might be sufficient to interfere with the architecture of an HPV-specific transcription complex, resulting in altered E6/E7 expression. In addition to AP-1, C/EBP␤ also forms a part of the complex that binds C8/C9, and the expression levels of C/EBP isoforms were altered following differentiation (Fig. 6 ). Previous studies also showed that small changes in the ratio of different C/EBP␤ isoforms can result in large differences in transcriptional regulation by C/EBP␤ (20) . HPV16 LCR activity is regulated differentially by different C/EBP␤ isoforms (66) , and changes in C/EBP family members during keratinocyte differentiation are postulated to relieve the negative regulatory effect of C/EBP␤ on the HPV11 LCR (71) . Moreover, the binding of a C/EBP␤-YY1 protein complex to the switch region is known to be critical for the cell type specificity of the HPV18 URR (10) . Therefore, the changing combinations of trans-acting factors binding to the same cis element under different growth conditions may tightly modulate E6/E7 promoter activity.
The C10/C11 region (nt 7673 to 7708) binds AP-1 and Oct-1 in undifferentiated 9E cells, a finding similar to that observed by Kyo et al. (40) . The exact role of Oct-1 in regulating HPV expression remains controversial (27, 47) . Interestingly, Oct-1 sites are usually located adjacent to the sites for other transcription factors for HPV, such as TEF-1 (32) and KRF-1 (42). Oct-1 bound to the C10/C11 region could function as a transcriptional modulator of HPV by interacting with AP-1 and other additional factors, as was previously suggested (40) . EMSA using antibodies against specific members of the AP-1 family showed that C10/C11 bound c-Fos, c-Jun, and JunD, but not JunB, in nuclear extracts from undifferentiated 9E cells. Our results are in agreement with studies that demonstrate that the C10/11 region binds c-Fos/JunD heterodimers and that JunB is not a predominant member of the AP-1 complex (40). However, Thierry et al. have shown that, in undifferentiated human keratinocytes and cervical carcinoma cells, JunB is the predominant Jun family member that interacts with the HPV18 enhancer (68) . Variations in the constituents of the AP-1 complex that bind to the HPV31 minimal enhancer have been observed in different cell types (40) .
Competition EMSA revealed that the C10/C11 region (nt 7673 to 7707) binds AP-1, GATA, and Oct-1 in differentiated 9E nuclear extracts. Jun and Fos proteins can associate with members of the GATA family (GATA-1, -2, and -3) of transcription factors through direct protein-protein interaction (36) , and a combination of an AP-1 and a GATA site has been shown to provide strong promoter activity (70) . Recently, HPV-mediated immortalization has been shown to be associated with down regulation of the transcription factor GATA-3 (64) . Whether the cooperativity arising out of the physical association between GATA and AP-1 regulates the transcriptional regulatory potential of the C10/C11 region in differentiated 9E cells is unclear. In HPV16, Oct-1 does not activate transcription directly but contributes to enhancer activity by tethering NF-1 to the composite element (48) . Moreover, Oct-1-mediated repression of HPV18 enhancer activity occurs independently of Oct-1 binding to DNA and possibly involves protein-protein interaction (27) . Since the presence of Oct-1 antibody had no significant effect on the formation of complexes that bind to the C10/C11 region in differentiated 9E cells, it is possible that Oct-1 functions as a modulator by tethering transcriptional regulators AP-1 and GATA to this region without directly interacting with the DNA under differentiated conditions.
The composition of the AP-1 complex that binds to C10/C11 changes from c-Fos, c-Jun, and JunD homo-and heterodimers in undifferentiated 9E cells to JunB and JunD homo-and heterodimers in differentiated 9E cells. This could have resulted from the elevated level of expression of JunB under differentiated conditions. It is known that the abundance and phosphorylation of Jun proteins vary during the cell cycle (6) , and the relative binding affinities of distinct Jun-Fos dimer combinations depend on the expression level and phosphorylation status of individual bZIP proteins, which can differ dramatically depending on cell type and cell context (7). In our study, JunB was observed to be the predominant AP-1 component that binds to both C8/C9 and C10/C11 following differentiation. Since expression of JunB and JunD are tightly regulated during cellular differentiation, the defined reorganization of AP-1 may represent a novel mechanism controlling the transcription of pathogenic HPVs during keratinocyte differentiation and in the progression to cervical cancer. In differentiating 9E cells, E6/E7 expression detected by in situ hybridization correlated with the pattern of AP-1 expression detected by immunohistochemical analyses (39) . Thus, differences between the AP-1 family members present under different cellular conditions may contribute not only to different binding patterns, but also to the expression levels of E6/E7. Moreover, the interaction of AP-1 with other bZIP family transcription factors could affect or alter AP-1 function under different growth states (58) . A variety of DNA structures can be induced at the AP-1 site through combinatorial interactions between different bZIP family proteins. This diversity of DNA structures may contribute to regulatory specificity among the many proteins that can bind to the AP-1 sites (37) .
Transcriptional enhancers are not constituted solely of the linear alignment of multiple factors on the DNA. Transcriptional activation requires the establishment of functional inter-faces from multiple protein-DNA and protein-protein interactions of regulatory factors. E6/E7 transcription in HPV18 depends upon the assembly of an enhanceosome containing a JunB/Fra-2 heterodimer and the architectural protein HMG-I(Y) recruited by the core enhancer sequence (14) . The formation of the enhanceosome is dependent on AP-1 binding, and a nonconsensus Oct-1 binding site has been predicted to bind HMG-I(Y) (14) . Thus, the possibility of the recruitment of an enhanceosome-like nucleoprotein complex in the KE region (containing both AP-1 and the Oct-1 site) cannot be ruled out. Different transcription factors would then interact with the new interfaces created by the higher order nucleoprotein complex formed under different cellular conditions rather than with a specific DNA sequence.
In 9E cells, the region spanning nt 7738 to 7763 has been shown to play an important role in regulating enhancer activity, as mutation of this site decreases promoter activity by 80% (40) . The activity of this site was suggested to be dependent on the binding of a novel KRF-1-like factor (40) . Our results indicate the importance of this site in the regulation of enhancer activity, as transfection with mutants C13 (nt 7727 to 7744) and C14 (nt 7745 to 7762) results in a significant decrease in p99 activity under both undifferentiated and differentiated conditions. However, our gel shift assays suggest that this region binds to Oct-1 in undifferentiated but not in differentiated 9E nuclear extracts.
We interpret these data to mean that even though p99 is a constitutive promoter, it is under differentiation-dependent control, in that cellular proteins involved in its transcriptional control change upon host cell differentiation to maintain the same level of promoter activity. The differential occupancy of the same cis regulatory element by alternative transcription factors under different cellular conditions has been illustrated in Fig. 1B . Different proteins or modified proteins may complex with the same cis element in undifferentiated and differentiated 9E cells, resulting in different patterns of binding and transcriptional control at different stages of the viral life cycle. The activity of any cis regulatory region may be the result of a synergism of factors that occurs in different quantities under different cellular conditions. Differences in the relative concentration of a particular transcription factor, its interaction with other transcription factors, or both in the undifferentiated and differentiated cellular environment could cause the difference in promoter activity observed in 9E cells upon transfection with the mutants. The results obtained in this study help to define the relative contribution of individual cis regulatory elements in the KE region towards the transcriptional regulation of the p99 promoter and to characterize host cell factors that interact with individual cis regulatory regions at different stages of the viral life cycle. The combinatorial effects arising from the variable recruitment of transcription factors to the same cis element under different stages of the viral life cycle may play a crucial role in maintaining a tight link between keratinocyte differentiation, E6/E7 expression, and progression to malignancy.
